Mammalian target of rapamycin (mTOR)-mediated pathways play central roles in regulating aging. The purpose of the present study was to characterize the mTOR cascade in human retinal pigment epithelial (RPE) cells and to investigate its potential roles in controlling RPE senescence. METHODS. Expression of major components of the mTOR signaling networks was evaluated by Western blot analyses. Formations of the two signaling complexes of mTOR, mTORC1, and mTORC2 were determined by coimmunoprecipitation. The activation of mTORC1 was monitored by measuring the phosphorylation status of the downstream substrate protein S6. Senescence of the cultured human RPE cells was assessed by measuring both the senescence associated-␤-galactosidase (SA-␤-Gal) activity and the expression level of p16, a cyclindependent kinase inhibitor. RESULTS. Human RPE cells contained functional mTORC1 and mTORC2 signaling complexes. The assembly and activity of mTORC1 were regulated by upstream nutrient and growth factor signals. The sensitivity of mTORC1 to extracellular nutrient stimuli increased in RPE cells that had developed in vitro senescence. Suppression of the mTORC1 by rapamycin prevented the appearance of senescence markers in the RPE. CONCLUSIONS. The mTOR pathway presented age-associated changes in human RPE cells, and downregulation of mTORC1 could delay the aging process of the RPE. (Invest Ophthalmol Vis Sci. 2010;51:5314 -5319) DOI:10.1167/iovs.10-5280 A dvanced age is a major risk factor for a number of visionthreatening eye diseases, including cataract, glaucoma, diabetic retinopathy, and age-related macular degeneration (AMD). Although the mechanistic link between aging and AMD remains elusive, age-dependent degeneration of the RPE is a hallmark pathologic change of AMD, especially in the atrophic form.
A dvanced age is a major risk factor for a number of visionthreatening eye diseases, including cataract, glaucoma, diabetic retinopathy, and age-related macular degeneration (AMD). Although the mechanistic link between aging and AMD remains elusive, age-dependent degeneration of the RPE is a hallmark pathologic change of AMD, especially in the atrophic form. [1] [2] [3] The RPE is part of the blood-retina barrier and is responsible for nutrient support and metabolism. 4 With aging, the RPE monolayer loses cells, whereas the remaining cells are subjected to increased metabolic demand. 5, 6 Decreased mitochondrial function and compromised antioxidant capacity are evident in the aged RPE. 7 The production of neurotrophic and angiogenic factors secreted by the RPE shows age-related changes. 8, 9 Recently, it has been shown that the RPE/choroid complex becomes immunoreactive with aging 10 ; this may be associated with chronic inflammation and abnormal immune responses under certain genetically susceptible backgrounds such as complement factor H mutation. The molecular mechanisms underlying these age-related changes are largely unknown.
The process of aging is determined by a genetically programmed molecular clock and is subjected to regulation by multiple pathways in which TOR-mediated signaling is one of the central players. 11, 12 TOR is a large serine/threonine protein kinase that integrates upstream signals from nutrients, growth factors, and energy levels to control cell growth and proliferation. 13, 14 In mammals, mTOR resides in two distinct signaling complexes (mTORC): mTORC1 (mTOR/Raptor/G␤L) and mTORC2 (mTOR/Rictor/G␤L/SIN1). The rapamycin-sensitive mTORC1 regulates translation and protein synthesis largely through the downstream effector proteins S6K and 4E-BP1. 15 The phosphorylation status of these two proteins and substrate S6, further downstream, are commonly used as indicators of mTORC1 activity. In contrast to mTORC1, mTORC2 is resistant to short-term exposure to rapamycin 16 and is a principal kinase responsible for the phosphorylation of Akt at Ser473. [17] [18] [19] Negative regulation of aging by TOR signaling has been firmly established in various invertebrate models. 12 Very recently, it has been shown that knocking out S6K increases life span in mice. 20 Consistently, reduced mTOR/S6K activity has been observed in mice with extended longevity. 21 However, whether mTOR regulates tissue-specific degeneration of the retina has not been well studied.
In the present study, we have performed an initial characterization of the mTOR pathway in both immortalized ARPE-19 cells and human RPE cells isolated from donor eye tissues. Our results demonstrate that the RPE cells contain mTOR complexes that can be activated by various upstream stimuli. Cultured primary RPE cells entered replicative senescence after serial passages, and downregulation of mTORC1 signaling relieved senescence-associated phenotypical changes. Furthermore, we found that the response of mTORC1 to nutrient signal was upregulated in the aged RPE cells. Our data indicate that changes in the mTOR-related signaling network will likely contribute to degeneration of the RPE.
MATERIALS AND METHODS

Cell Culture and Treatment
Cultures of human adult retinal pigment epithelial (haRPE) cells were established as described previously. 22 Primary fetal RPE cells (hfRPE) derived from human fetal eyes (Advanced Bioscience Resources, Alameda, CA) were prepared according to published procedures. 23 ARPE-19 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured in Dulbecco's modified Eagle's/F12 medium supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) in a humidified CO 2 incubator at 37°C.
Replicative senescence was introduced by repeatedly passaging cells at a 1:4 ratio. Population doubling level (PDL) at each passage was calculated using the formula PDL ϭ 3.32 ϫ log (total viable cells at harvest/total cells at seed), and the cumulative PDL (CPD) was used to determine the age of the cells. 24 Under our experimental conditions, hfRPE cells had a CPD ranging from 34 to 42, depending on the individual line. Cell senescence was monitored by their morphologic changes and SA-␤-Gal staining.
For amino acid starvation and repletion, cells were serum starved for 16 hours and then transferred to phosphate-buffered saline (PBS) containing 1 mg/mL D-glucose for an additional 90 minutes. An amino acid stock mixture in the form of 50ϫ the standard concentration (Sigma-Aldrich) was added back to the medium to the final concentration of 1ϫ and incubated for 30 minutes. 25, 26 For serum or insulin stimulation, cells were serum starved in DMEM for 16 hours. Cells were then incubated with either 10% FBS for 90 minutes or with 100 nM insulin for 30 minutes. Rapamycin (Sigma-Aldrich) was used at a final concentration of 2 nM unless otherwise indicated.
Western Blot Analysis and Antibodies
Cells were rinsed with ice-cold PBS twice and harvested with a cell scraper. After centrifugation, the pellet was lysed in modified RIPA buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40, 150 mM NaCl, 1 mM EDTA, 1 mM Na 3 VO 4 , 1 mM NaF) supplemented with protease inhibitor cocktail (Sigma-Aldrich). Samples were resolved on SDS-PAGE and transferred to nitrocellulose membranes. Membranes were probed with specific antibodies, and signals were detected by an infrared imaging system (Odyssey; LI-COR, Lincoln, NE). Anti-p16 was purchased from BD Biosciences (San Jose, CA), and all other antibodies were from Cell Signaling Technology (Danvers, MA).
Coimmunoprecipitation
Coimmunoprecipitation was carried out according to Kim et al. 27 Briefly, cells were washed with ice-cold PBS twice and lysed in buffer containing 40 mM HEPES (pH 7.4), 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 50 mM NaF, 1.5 mM Na 3 VO 4 , and 0.3% CHAPS and were supplemented with protease inhibitor cocktail. The lysates were precleared with protein G agarose for 30 minutes. Precleared lysates were incubated with either antimTOR antibody or control IgG for 3 hours at 4°C, followed by incubation with protein G agarose beads for 1 hour. Beads were washed four times with lysis buffer and resuspended in SDS sample buffer. Immunoprecipitates were resolved on SDS-PAGE and analyzed by immunoblotting.
Measurement of SA-␤-Gal Activity
SA-␤-Gal activity was evaluated using a staining kit (Cell Signaling) according to the manufacturer's instructions. Briefly, cells were fixed in 1ϫ fixative solution for 15 minutes at room temperature. After two washes with PBS, cells were incubated overnight at 37°C in 1ϫ staining solution containing isopropyl ␤-D-1-thiogalactopyranoside as the substrate. Thereafter, cells were washed with PBS once, and the number of SA-␤-Gal-positive cells (blue staining) was monitored under bright-field illumination.
Alternatively, the activity of SA-␤-Gal was quantitatively measured using a fluorogenic substrate 4-methylumbelliferyl-␤-D-galactopyranoside (MUG). SA-␤-gal can convert 4-MUG into 4-methylumbelliferone (4-MU), which has a bright blue fluorescence. 28 To perform the assay, cells were lysed in lysis buffer (5 mM CHAPS, 40 mM citric acid, 40 mM sodium phosphate, pH 6.0, supplemented with protease inhibitor cocktails). The lysate was incubated with equal volumes of 2ϫ reaction buffer (40 mM citric acid, 40 mM sodium phosphate, 300 mM NaCl, 10 mM ␤-mercaptoethanol, and 4 mM MgCl 2 , pH 6.0; freshly added 4-MUG at the final concentration of 1.7 mM) for 30 minutes at 37°C. The reaction was stopped by the addition of 10ϫ volume of 0.4 M sodium carbonate. Fluorescence was measured using a plate reader (Spectramax M2; Molecular Devices, Sunnyvale, CA) with excitation 360 nm and emission 465 nm. The activity of SA-␤-Gal was calculated using a 4-MU standard curve and normalized by the number of cells in each reaction.
Statistical Analysis
Results from experiments measuring SA-␤-Gal activity and S6 phosphorylation were repeated at least three times and were averaged and expressed as mean Ϯ SEM. Statistical analyses were performed with commercially available software (InStat3; GraphPad Software, Inc., San Diego, CA) using Student's t-tests.
RESULTS
Functional mTOR Signaling Network in Cultured Human RPE Cells
Because of their critical roles in regulating cell growth, the mTOR-associated signaling pathways have been studied extensively in cancer cells. However, few studies have been performed in nontransformed normal cells. We explored this signaling network in the RPE using an immortalized cell line, ARPE-19, as well as in primary cultures of both human adult (haRPE) and fetal (hfRPE) RPE cells. Western blot analyses showed that the key components of the mTOR signaling complexes are expressed in all three types of the RPE cells investigated (Fig. 1A) . To detect the presence of mTORC1 and mTORC2 complexes in human RPE cells, coimmunoprecipitation with a specific antibody against mTOR was performed. As shown in Figure 1B , both Raptor and Rictor were detected in the mTOR immunoprecipitates, indicating the existence of both signaling complexes. G␤L, the common component in both complexes, was also coimmunoprecipitated with mTOR.
To further characterize the responses of mTOR to upstream stimuli, we measured the formation of mTORC1 in haRPE cells exposed to nutrients and growth factors (Fig. 2) . Similar to previous studies in other cell types, 27, 29 upstream signals caused a moderate decline in the interaction between Raptor and mTOR, but not the binding of G␤L to mTOR. The destabilization of the mTOR-Raptor interaction may indicate the occurrence of conformational changes that are required for exposing substrates to the kinase domain mTOR. 30 The data also showed that mTORC1, but not mTORC2, was sensitive to pretreatment of rapamycin, which disrupted the formation of mTORC1 at a concentration as low as 2 nM (Fig. 2A) . The phosphorylation status of p70 S6K is an indicator of mTORC1 activity. Incubation with growth factors and amino acids resulted in the phosphorylation of p70 S6K and its further downstream substrate S6 in a rapamycin-sensitive manner (Fig. 3) , verifying the involvement of mTORC1. Nutrient and growth factor signals stimulated mTOR signaling in both hfRPE and ARPE-19 cells; the latter were slightly less responsive to upstream stimuli (data not shown). Thus, cultured human RPE cells have functional mTOR signaling complexes that can respond to upstream stimuli from diverse environmental factors.
mTORC1 Signaling in RPE Senescence
Normal cells have limited capacity for replication in culture and enter senescence after a certain number of in vitro passages. 31 Consistent with previous studies, 32 in primary RPE cells with increasing passage numbers, an increased percentage of cells displayed positive staining for SA-␤-Gal, the most accepted marker of senescence, 33 and more than 90% of cells presented SA-␤-Gal staining at the highest CPD (Fig. 4A) . Increased SA-␤-Gal was not observed in the immortalized cell line, ARPE-19. To seek an independent marker of cellular aging, we further measured the protein level of a CDK inhibitor, p16
Ink4a . The accumulation of p16 in aged cells is another marker of senescence and has been demonstrated in various types of cells, including stem cells. 34, 35 As shown in Figure 4C , increased expression of p16 was evident in aged hfRPE cells.
TOR signaling is one of the central players in the regulation of aging. To determine whether mTOR signaling regulates senescence of the RPE, we cultured primary RPE cells in the presence or absence of the mTORC1 inhibitor rapamycin. At a concentration as low as 2 nM, rapamycin reduced the percentage of cells with positive staining of SA-␤-Gal and the overall enzymatic activity (Figs. 4A, 4B ). Increasing concentrations of rapamycin did not further decrease SA-␤-gal activity (data not shown). Decreased SA-␤-Gal activity by rapamycin was observed in both haRPE and hfRPE cells, but not in APRE-19 cells. Consistently, p16 accumulation was reversed by the treatment of rapamycin (Fig. 4D) .
Given the importance of mTOR in controlling organism aging and cellular senescence, we compared mTORC1 signaling between young and aged RPE cells to known stimuli. Cells at early passages (CPD 12ϳ18) and late passages (CPD 32ϳ36) were exposed to nutrient and growth factors, and the activation of downstream effector S6 was measured (Fig. 5) . All stimuli could activate mTORC1 signaling in hfRPE cells at early and late passages; however, the extent of activation showed age-and stimulus-dependent differences. In aged RPE cells, S6 phosphorylation had a statistically significant increase in response to amino acid signal. Response of mTORC1 signaling to serum also had a tendency to increase in old cells; however, no statistical significance was achieved. In contrast, there was no difference in the sensitivity of mTORC1 in response to insulin.
DISCUSSION
The mTOR-mediated signaling pathway is a central player in controlling cell growth and metabolism in response to a variety of signals. Recent studies have indicated that the signaling network plays key roles in regulating organism aging and in cell FIGURE 2. hRPE cells contained rapamycin-sensitive mTORC1 whose formation could be regulated by nutrients and growth factors. haRPE were deprived of amino acids for 60 minutes and restimulated with amino acids for 10 minutes with or without preincubation of rapamycin at the indicated concentrations (A) or serum-starved for 16 hours and then stimulated with 20% FBS for 30 minutes or 100 nM insulin for 10 minutes in the presence or absence of 2 nM rapamycin (B). Cells were lysed, and coimmunoprecipitation was performed with an antibody against mTOR. Levels of Rictor, Raptor, and G␤L in the pellets were analyzed by Western blot analysis. Data presented are representative of two separate experiments. senescence. Although the TOR kinase is conserved in all eukaryotes, several lines of evidence have suggested that mTOR signaling pathways may have distinct features in different cell types and tissues. For example, the relative amounts of mTORC1 and mTORC2 are variable in different cancer cell lines. 16, 18 The sensitivity of mTORC1 in response to stimuli depends on tissue context. 36 Therefore, it is important to characterize the tissue-specific regulatory mechanisms by mTOR in aging and age-related degeneration.
In the present study, we characterized the mTOR pathway in cultured human RPE cells. Using Western blot analyses and coimmunoprecipitation approaches, we verified the existence of mTORC1 and mTORC2 complexes in the RPE. Nutrient and growth factor signals activated mTORC1 signaling, as shown by the phosphorylation of downstream effector S6 (Fig. 3) . The prototypical inhibitor rapamycin dissociated mTORC1 and inhibited the activation of downstream events (Figs. 2, 3) . The functional mTOR network in the RPE will link various environmental factors to critical cellular functions, such as mRNA translation and protein synthesis.
We further compared the mTOR signaling between young and old fetal RPE cells. Results showed that mTORC1 underwent age-related changes in terms of sensitivity to upstream stimuli (Fig. 3) . However, the alteration was not a general phenomenon for all stimuli because it was only detected in response to amino acid, but not growth factors. Such a difference may be explained by the complexity of mTOR signaling. Upstream signals convey signals to mTOR by way of different mediators. 37, 38 Growth factors rely on PI3K/Akt to transduce signal through negative regulator TSC1/TSC2 to mTOR, though amino acids relay signals to mTORC1 by way of the Ras-related small GTP-binding protein Rag. 38 -40 The amino acid-specific alteration of mTORC1 signaling with increased age suggests that age-related changes may occur upstream of mTOR in RPE cells.
Negative regulatory roles of mTOR signaling in determining the life spans of mammals have been postulated. Recently, it has been shown that by reducing mTORC1 signaling, either by knocking out the downstream effector S6K or by using the inhibitor rapamycin, extends the life span of mice. 20, 41 In the present study, we demonstrated that inhibiting mTORC1 by rapamycin could prevent replicative senescence in cultured RPE cells that were neither transformed nor immortalized. Rapamycin at 2 nM effectively inhibited both SA-␤-Gal activity and p16 upregulation (Fig. 4) , two well-established markers of senescence. In addition, we observed that serially passaged RPE cells gradually lost RPE markers such as RPE65 and cellular retinaldehyde-binding protein (CRALBP). Although similar findings have been reported, 42 future studies will be needed to determine whether decreases of these marker proteins are present in aged RPE cells in vivo or whether they are merely associated events of in vitro cell culture. A recent study using four mouse models of retinitis pigmentosa showed that cone degeneration after rod cell death was associated with nutrient deprivation. 43 Applying rapamycin to the drinking water of wild-type mice caused the downregulation of red/green opsin, though insulin treatment, which activated mTORC1, could delay cone cell loss. The underlying mechanisms by which mTOR signaling controls aging and cell death remain to be elucidated but will likely involve the process of autophagy. Autophagy is a conserved lysosomal pathway to remove long-lived proteins and cytoplasmic organelles, and (m)TOR signaling is one of major upstream regulators negatively controlling the process. 44, 45 Under conditions of high-level stress, such as progressive photoreceptor degeneration, autophagy results in cell death, and activating mTOR will confer protection. On the other hand, emerging evidence suggests that aging is associated with decreased autophagy, and knocking out of genes in the autophagy machinery accelerates the aging rate and decreases the life span of invertebrates. 46 -50 Furthermore, extending life spans by knocking down TOR signaling requires the presence of intact autophagy machinery, 48 suggesting that the regulation of aging by mTOR occurs at least partially through the regulation of autophagy. These findings are consistent with our observation that inhibiting mTOR can delay the aging process of the RPE.
Different approaches can be used to drive cultured RPE cells into the senescent stage. All have certain advantages and limitations. A commonly used approach is to expose cells to mild to high-dose oxidative stress. RPE cells, including the ARPE-19 cell line, can rapidly enter premature senescence after oxidative injury. 51, 52 However, the oxidants may affect the signaling transduction pathways independently of senescence and may select clones of cells that are particularly resistant. For instance, at a submillimolar concentration, hydrogen peroxide treatment can activate Akt dose dependently in hRPE cells. 53 Peroxide treatment used in premature senescence can also lead to the activation of AMPK, an upstream regulator of mTOR. 54 The replicative senescence model can be induced in only primary RPE cells but not in immortalized cell lines, such as ARPE-19, which have an unusual karyotype with deletions and insertions on chromosome 8 and 19. 55 It is a gradual change and can be used to monitor passage-dependent changes in senescent phenotype and associated biochemical changes. Although RPE cells do not normally divide under in vivo conditions, the process of replicative senescence is likely controlled by general mechanisms regulating aging of the RPE. It should be noted that the findings of our present study apply to the RPE culture. The in vivo implications of these results should be further assessed in animal models relevant to age and age-related degeneration of the retina and RPE.
Aging is an inevitable biological process and contributes to the pathogenesis of various age-related diseases, including AMD. Manifestations of aging are highly diverse and are dependent on the types of affected cells and tissue. In recent years the mTOR pathway has emerged as one of the central regulatory mechanisms of aging in mammalian cells. AMD is a disease that has been suggested to result at least partially from aging of the RPE. If inhibiting mTOR can slow down the aging process of the RPE, it will become a promising therapeutic strategy to prevent and treat vision loss in elderly people with the atrophic AMD.
